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ELECTRONIC DEVICES BASED ON DENSITY WAVE DIELECTRICS 

BACKGROUND 

Field of the Invention 

This invention relates to electronic devices that use dielectrics. 
Discussion of the Related Art 

Cuprates are crystalline materials with complex unit cells that contain copper- 
oxygen planes. Such materials often have quasi-one or quasi-two dimensional structures. 
. 5 Exemplary quasi-one dimensional cuprates include cuprate ladder materials. Exemplary 
quasi-two dimensional cuprates include high-temperature superconductors. 

Figure 1 is a perspective view along the c-axis of a generic cuprate ladder material 
10. The cuprate ladder material 10 has the form of a stack along the crystal's b-axis. The 
O stack includes alternating CU2O3 sheets 12 and Cu0 2 chains 14. The CU2O3 sheets 12 and 
LJ 1 0 Cu0 2 chains 14 are separated by rows of atoms 16 whose relative percentages are 
*fi determined by the crystal's stoichiometry. For a crystal with the stoichiometry (Srj4- X 
W Ca x )Cu 2 40 4 i, the atoms 16 are Sr and/or Ca atoms. 

p Figures 2a, 2b, and 2c are side views of the CU2O3 sheets 12, Cu0 2 chains 14, and 

J! rows of Sr, Ca 16 of one unit cell 18 of cuprate ladder material 10 of Figure 1. The 

yB 15 Cu 2 03 sheets 12 include a ladder-like building block 19 of copper (light circles) bonded 

O 

to oxygen (dark circles). In the Cu 2 0 3 sheets 12, copper-oxygen ladders 19 link together 
via oxygen linkages. The Cu0 2 chains 14 also have a building block 20 of copper 
bonded to oxygen. In the unit cell 18, the Cu 2 C>3 sheet 12 and Cu0 2 chain 14 have an 
almost commensurate structure in which seven blocks 19 match to ten blocks 20 along 
20 thee axis. 

Figures 1, 2a-2c show that copper-oxygen ladders 19 define an anisotropy axis for 
the crystalline cuprate ladder material 10. The anisotropy axis is referred to as the c-axis. 
Due to the copper-oxygen ladders 19, cuprate ladder materials behave as quasi one- 
dimensional (ID) materials. Many such cuprate ladder crystals are ID anti-ferromagnets 
2 5 with ID lattice directions along the c-axis. It is believed that the copper-oxygen ladders 
cause the cuprate ladder crystals to behave as anti-ferromagnets. 


l 
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Herein, a quasi-lD material has a strong anisotropy along a selected lattice axis. 
In exemplary quasi- LD materials, conductivities or dielectric constants are, at least, three 
times larger along the selected axis than along the remaining lattice axes. 

5 SUMMARY 

Various embodiments advantageously include dielectrics that are quasi one- 
dimensional (ID) materials. The quasi ID materials may have charge or spin density 
wave state in which their dielectric constants have giant real parts. Some of these 
dielectric constants have giant real parts at room temperature and above. 
10 In one aspect, the invention features a capacitor having two electrodes and a quasi 

L_ ID dielectric material disposed between the electrodes. The dielectric material has a 
D charge or spin density wave state. 

y In another aspect, the invention features an antenna having first and second 

electrodes and a quasi ID dielectric material. The electrodes are located adjacent portions 
fU 15 of the dielectric material. The dielectric material has a charge or spin density wave state. 

tj BRIEF DESCRIPTION OF THE DRAWINGS 

yQ Figure 1 is a perspective view of a cuprate ladder crystal along the crystal's 

=j anisotropy axis; 

2 0 Figure 2a is a side view of a portion of a CU2O3 sheet located in one unit cell of 

the cuprate ladder crystal of Figure 1 ; 

Figure 2b is a side view of a portion of the Cu02 chains located in the same unit 
cell of the cuprate ladder crystal of Figure 1; 

Figure 2c is a side view of rows of Sr and/or Ca atoms located in the same unit 

2 5 cell of the cuprate ladder crystal of Figure 1; 

Figure 3 shows how real and imaginary parts of the dielectric constant of a 
Sri 4 Cu2404i cuprate ladder crystal depend on frequency at various temperatures; 

Figure 4 represents scaling forms of the real and imaginary parts of the dielectric 
constant for the same Sri 4 Cu2404i cuprate ladder crystal; 

3 0 Figure 5 shows how the frequency of the screening peaks of Figure 3 depend on 

temperature; 
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Figure 6 shows how the DC conductivity of the same Sri 4 Cu 2 40 4 i cuprate ladder 
crystal depends on electric field intensity at various temperatures; 

Figure 7 shows how real and imaginary parts of the dielectric constant of a pinned 
charge or spin density wave material vary with frequency; 

Figure 8 shows a capacitor whose dielectric is a charge or spin density wave 
material; 

Figure 9 shows a transceiver that uses the capacitor of Figure 9 as an antenna; 

Figure 10 shows another transceiver whose antenna is embedded in a charge or 
spin density wave material; and 

Figure 1 1 shows a tunable capacitor whose dielectric is a charge or spin density 
wave material. 

DETAILED DESCRIPTION 

Herein, a material's complex dielectric constant is denoted by 8i + ie 2 . Both £i and 
e 2 depend on frequency, (0, and on the material's temperature, T. 

Recent measurements have enabled determinations of the frequency-dependent 
dielectric constants of some cuprate ladder crystals. These cuprate ladder crystals have 
dielectric constants with large or giant real parts, e.g., about 10 3 times larger than those of 
other typically good dielectrics at similar temperatures. Such large dielectric constants 
were unexpected for cuprates, which were previously known for characteristics as anti- 
ferromagnets and/or high-temperature superconductors. 

Figure 3 is a semi-log plot of measured values of e 2 as a function of frequency, 
i.e., in Hertz, along the c-axis of a sample cuprate ladder crystal. The sample cuprate 
ladder crystal has a stoichiometric formula of Sri 4 Cu 24 0 4 i. The plot shows measured 
values, i.e., black dots, at various temperatures. To better show how e 2 depends on 
frequency, graphs 30, 32, 34, and 36 have been drawn to interpolate between the 
measured values for sample temperatures of 85°K, 100°K, 125°K, and 150°K, 
respectively. 

The graphs 30, 32, 34, 36 show that e 2 has a giant dissipation peak at frequency, 
0) S cr, i.e., peak values of e 2 are about 10 4 of greater. For the measured temperatures, the 
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peak frequency is relatively low, i.e., in the range of about 10 2 to about 10 6 Hertz. The 
graphs 30, 32, 34, 36 also show that dkct rapidly moves to higher values as the crystal's 
temperature increases. At room temperature, 0) SC r is in the range of about 10 Hertz to 
about 10 u Hertz (see below). 

Figure 3 also provides graphs 40, 42, 44, 46, and 48 that show the frequency- 
dependence of 8i along the c-axis for the same cuprate ladder crystal. The graphs 40, 42, 
44, 46, and 48 correspond to crystal temperatures of 85°K, 100% 125°K, 150°K, and 
300°K, respectively. The data of graphs 40, 42, 44, 46, 48 were obtained from 
measurements of £ 2 (o)) at corresponding temperatures. The graphs 40, 42, 44, 46, 48 
show that £i is large along the c-axis for frequencies below the frequency, (Os Cr , of the 
giant dissipation peak in e 2 and that £i is much smaller above 0) scr . Below (O scr , the value 
of 6i along the c-axis is in the approximate range of 1-3 x 10 5 and is thus, larger than the 
ej of other known dielectrics at comparable temperatures. 

The fact that some cuprate ladder materials make excellent dielectrics was 
unexpected. Prior art publications describe cuprate materials as superconductors and 
anti-ferromagnets rather than as excellent dielectrics. 

Since cuprate ladder crystals are anisotropic, their dielectric properties are also 
anisotropic. For example, values of Ei along the crystal's a- and b-axes are, at least, an 
order of magnitude smaller than the values of 8i along the crystal's c-axis. 

Graphs 30-36 also show that 0) SC r moves rapidly to higher frequencies as the 
temperature increases. Thus, the frequency range over which £i is large also increases 
rapidly with the crystal's temperature. 

Figure 4 shows data points for Ei (light circles) and £ 2 (dark circles) as a function 
of frequency, co, times relaxation time, t. Herein, x = l/o) scr . The data points correspond 
various temperatures between 80°K and 160°K and to various frequencies between about 
10 Hertz and 10 6 Hertz. For these temperatures and frequencies, the data points for Ei 
and £ 2 lie respectively, on graph 50 and graph 51 when plotted as function of TO). This 
graphical result indicates that the dielectric constant of the Sri 4 Cu 24 0 4 i cuprate ladder 
crystal depends only on the product tco. 
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Figure 5 is a graph 52 of (o SC r as a function of the temperature Sr^C^CUi cuprate 
ladder crystal. In the graph 52, the low and high temperature values of (0s cr were obtained 
from measurements of electrical transport properties and Raman absorption, respectively. 
The graph 52 shows that (0 scr depends approximately exponentially on the inverse 
5 temperature, i.e., T 1 . The graph also shows that (o SC r is equal to or greater than about 5 
Giga Hertz at room temperature, i.e., 293°K. 

Since co scr is the upper cutoff frequency that defines the region with large values 
of Zu the results in graph 52 show that this upper cutoff frequency increase rapidly with 
temperature. In particular, the upper cutoff frequency in the Sri4Cu24C>4i cuprate ladder 
WO crystal is about 10 giga-Hertz or higher at room temperature. Thus, this cuprate ladder 
q crystal will operate as an excellent room temperature dielectric at microwave and 
^ millimeter- wave wavelengths. 

yj Experimental observations also show that the SrnC^CUi cuprate ladder crystal 

fflj has distinctive properties at the temperatures of the measurements shown in Figure 3. 
L. 15 The observed properties include an Arrhenius temperature-dependence of co scr , a 
H nonlinear DC conductivity, and multiple dissipation peaks in the crystal's dielectric 
~S constant. Each of these properties is characteristic of a charge or spin density wave state, 
rf An Arrhenius law dependence means that C05 Cr is roughly proportional to the free 

carrier DC resistivity. 

2 0 Referring to Figure 5, the temperature dependence of a) scr and of the free carrier 

DC resistivity for the Sri 4 Cu240 4 i cuprate ladder crystal are shown in graph 52 and 53, 
respectively. The graphs 52, 53 indicate that (O scr is approximately proportional to the DC 
resistivity. Thus, a) scr has the Arrhenius law dependence, which is a characteristic a 
charge or spin density wave state. 
25 In graphs 54, 55, 56, 57, 58, and 59, Figure 6 plots the DC current, I, of the same 

cuprate ladder crystal at 80°K, 100°K, 120% 140°K, 160°K and 180% respectively. 
The graphs 54-59 show that I varies linearly with electric field intensity, E, for small 
values of E, i.e., for E < 0.1 volts/cm, and varies approximately like E p with P > 2 for 
large values of E, e.g., for E > 1 volts/cm. The nonlinear variation of I with E indicates a 

3 0 nonlinear conductivity. The nonlinear conductivity for large values of E is another 
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signature of a pinned charge or spin density wave state. A large value of E depins charge 
or spin density waves, which then produce a nonlinear contribution to the conductivity. 
See e.g., Chapter 10, DENSITY WAVES IN SOLIDS by George Grttner (Addison- 
Wesley 1994). 

5 The Sri 4 Cu 2 40 4 i cuprate ladder crystal also has two dissipation peaks in £ 2 . The 

peak frequency of the lower frequency dissipation peak increases rapidly with 
temperature. Also, the lower frequency dissipation peak is much larger than the higher 
frequency dissipation peak. 

Figure 7 shows the frequency dependence of e 2 for a material in a charge or spin 
10 density wave state (dashed curve). The curve for e 2 has two dissipation peaks 61, 62, 
jz which cause step-like changes in £1 (solid curve) at peak frequencies a) scr and (Dp. The 
Q peaks 61 and 62 are associated with respective screening and pinning frequencies of the 
hj density waves. The screening peak 61 occurs at a frequency, co scr , that is lower than the 
rj pinning frequency, C0p, associated with the peak 62. The value of co scr increases with 
OJ 15 temperature, because the screening peak is caused by quasi-particle screening and quasi- 
p particle excitations respond more rapidly at higher temperatures. The screening peak 61 
p s is also larger than the pinning peak 60. 

J3 The observed low and high frequency dissipation peaks of the Sri 4 Cu2404i 

m cuprate ladder crystal correspond to the respective screening and pinning peaks of a 
2 0 material in a charge or spin density wave state. 

The fact that the Sri 4 Cu 2 40 4 i cuprate ladder crystal is in a charge or spin density 
wave state when it is as an excellent dielectric implies that other quasi- ID materials that 
have charge or spin density wave states will also be excellent dielectrics. 

The Sri 4 Cu 24 0 4 i cuprate ladder crystal behaves as a doped quasi-lD anti- 
2 5 ferromagnet. Quasi-lD anti-ferromagnets have free energies, F, of the form: 

F = JE i = 1 N Si*S i+1 . 

Here, N is the number of lattice sites "i", Si is the spin vector at site "i", and J is the 
positive anti-ferromagnetic exchange interaction energy of neighboring spins. Such 
doped quasi- ID anti-ferromagnets have low temperature spin wave states, which melt at 
30 a transition temperature, T N . The value of the melting temperature, T N , is approximately 
defined by T N = J/ K B where K B is Boltzman's constant. 
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Since spin density wave states seem to cause materials to operate as excellent 
dielectrics, other doped quasi-lD anti-ferromagnets will operate as excellent dielectrics at 
temperatures below their melting temperatures, T N '. Thus, doped quasi- ID anti- 
ferromagnets for which J/ K B > 293°K should operate as excellent dielectrics at room 
5 temperature. Similarly, doped quasi- ID an ti -ferromagnetic materials for which J/ K B > 
373°K should operate as excellent dielectrics at least up to 100°C. Materials with large 
enough J's to be in spin density wave states at room temperature and above temperatures 
include cuprate ladder materials and vanadites, i.e., quasi-lD materials with the 
stoichiometry NaV20s. 
10 Spin and/or charge density wave materials with high melting temperatures 

provide advantageous dielectrics for electronic devices that operate at room temperature 
and above. The advantages are illustrated in electronic devices shown in Figures 8-10. 

Figure 8 shows a capacitor 70 whose dielectric material 72 has a spin or charge 
density wave state. The density wave state persists at the capacitor's operating 
15 temperature, e.g., room temperature or above. The dielectric material 72 has an 

anisotropy direction V that defines the direction in which the density waves move. For 
a cuprate ladder crystal, "c" is the crystal's c-axis. In general, the anisotropy direction "c" 
is oriented along an imaginary line that connects inner surfaces of the capacitor 
W electrodes 74, 76. This orientation maximizes the effective dielectric constant and the 

2 0 capacitance of the capacitor 70. 

Exemplary dielectric materials 72 are charge or spin density wave materials such 
as cuprate chains and ladders or materials described by quasi- ID anti-ferromagnets with 
large interaction energies. 

The dielectric material is either crystalline or polycrystalline. If the dielectric 72 
25 is polycrystalline, anisotropy axes of individual crystals therein are aligned by applying a 
strong electric poling field to the capacitor 70 after manufacture. 

Figure 9 stibws a transceiver 80 for detecting a microwave or millimeter wave 
transmission 81. The transceiver 80 includes a capacitor 82, e.g., capacitor 70 of Figure 
9, and an amplifier 84 competed to measure voltages across the capacitor electrodes 86, 

3 0 88. The capacitor 82 functions as a receiving antenna that is sensitive to transmissions 
whose wavelengths are much larger than the distance, d, between the electrodes 86, 88. 
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The high sensitrtuty results from a giant E| for the capacitor's dielectric 90 at operating 

>\ 1/2 

temperatures. The^ant produces a large voltage response when d is (e0 times 
smaller that half of the^velength of the received signal. 

Exemplary values for d are smaller than about one hundredth of the wavelength of 
5 the transmission signal. Thus, for microwave transmissions, M d" is less than 100 microns. 
Such small dimensions enable transceiver 80 to be an internal antenna even in very small 
wireless devices, e.g., cellular telephones and handheld Internet access devices, where 
internal space is limited. 

Figure 10 shows another transceiver 92 based on a spin or charge density wave 
10 material. The transceiver 92 includes antenna 94 and signal processing unit 96. The 

signal processing unit 96 includes, e.g., a filter and a voltage amplifier. The antenna 94 
includes two electrodes 98, 100 and a mass 102 of dielectric. The electrodes 96, 98 are 
embedded in the mass 102 of dielectric. The mass is a density wave material has an 
anisotropy direction V and a transition temperature that is above the operating 
15 temperature of the transceiver 92. The anisotropy direction V aligned along the 

direction of an imaginary line connecting the electrodes 98 and 100. Such an alignment 
increases the effective dielectric constant in the antenna thereby making the antenna 94 
more sensitive to incoming signal wave 104. 

The transceivers 80, 92 of Figures 9 and 10 are directionally most sensitive to 

2 0 transmission signal waves whose electric fields are oriented along the direction V that 

defines the anisotropy direction of the spin density wave material, e.g., dielectric 
materials 90 and 102 in Figures 9 and 10. To produce a less directionally sensitive 
receiver, some wireless devices use two or three separate transceivers with each of the 
transceivers having the form of transceiver 80 or 92. The three transceivers are oriented 
25 to optimally detect incoming transmissions along mutually perpendicular directions. 

A tunable capacitor can be constructed from a charge or spin density wave 
material. Tuning results from an applied electric field, which changes the dielectric 
constant of the charge or spin density wave material. For example, Figure 6 shows that 
an electric field in the range of 0.1 volt per centimeter (V/cm) and 10 V/cm strongly 

3 0 changes the dielectric constant of a Sri 4 Cu 2 40 4 i cuprate ladder crystal when the field is 

applied along the crystal's c-axis. Thus, such fields are able to tune capacitors whose 
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dielectrics are the Sri 4 Cu 24 0 4 i cuprate ladder material. Other quasi ID charge and spin 
density wave materials also have strong dielectric responses to applied electric fields and 
thus, also provide tunable dielectrics. 

Figure 1 1 shows a circuit 1 10 in which capacitor 70, shown in Figure 8, is 
voltage tunable. In the circuit 1 10, a variable voltage source 1 12 applies a DC tuning 
voltage across the capacitor's dielectric 72, which is a material in a charge or spin density 
wave state. Varying the DC voltage tunes the material's dielectric constant and thus, 
tunes the capacitance of the capacitor 70. In the circuit 110, another electronic 
component 1 14 measures AC voltages across plates 74, 76 of the capacitor 70. 

In some embodiments, circuit 1 10 is a wireless receiver. In the receiver, capacitor 
70 functions as a receiving antenna and electronic component 114 functions as an input 
amplifier. Then, variable voltage source 112 enables tuning of the reception center 
frequency for the wireless receiver. 

At least two processes are available for producing crystalline cuprates such as the 
above-described material whose stoichiometry is Sri 4 Cu 24 0 4 i. 

One such process produces a crystalline cuprate with a stoichiometry of 
Sri 4 Cu 24 0 4 i. This process is described by E.M. McCarron, in in Mat. Res. Bull. Vol. 23 
(1988) page 1356, which is incorporated by reference herein in its entirety. The process 
includes forming a mixture of stoichiometric amounts of Sr0 2 and CuO. The process 
includes grinding the mixture in an agate mortar for about 30 minutes to produce a 
powder. The process also includes charging a quantity of the powder, e.g., 30 grams, into 
a gold crucible and heating the crucible to a final temperature in the range of about 875°C 
to 900 °C. during the heating, the temperature is raised at a slow rate of about 5 °C per 
hour until the final temperature is obtained. After arriving at the final temperature, the 
mixture is kept at that temperature for about 36 hours to produce a melt. Then, the melt 
is slowly cooled, e.g., at a rate of 1°C per hour, until a final temperature of about 400 °C 
is obtained. Finally, the melt is further cooled to about 100 °C so that the crucible can be 
removed to obtain the final crystalline material. 

Another process to make a single Sri 4 Cu 24 0 4 i cuprate ladder crystal is described 
by Motoyama, Physical Review 55B (1997) page R3386, which is incorporated by 
reference herein in its entirety. Motoyama's process uses a traveling-solvent-floating- 
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zone method described by Tanaka, Nature 337 (1989) page 21 and Kimura, J. Crystal 
Growth 41 (1977) 192. The Tanaka and Kimura references are also incorporated by 
reference herein in their entirety. The traveling-solvent-floating-zone method of Tanaka 
and Kimura includes first making a rod then, using the rod to grow the desired crystal. 
The rod serves both as feed and solvent during the crystal growth step. 

A sintering process produces the rod. The sintering process includes forming an 
ethanol-based mixture having appropriate amounts of powdered CuO and SrCC>3. The 
process includes air-drying and then, calcinating the mixture for about 12 hours and at 
about 1 123°K to produce a powder. The powder is compressed with a pressure of about 
100 MPa into a cylinder. The process includes sintering the cylinder in an oxygen 
atmosphere at a temperature of about 1273 °K - 1473 °K. After about 12 hours, the 
sintering produces the rod for growing the crystal. 

To grow the cuprate ladder crystal, the previously formed rod is sintered. The 
sintering is done in a double-ellipsoidal infrared furnace to reduce evaporation of copper 
oxide. One such furnace uses two 1.5 kilowatt halogen lamps and is made by Nichiden 
Machinery Ltd. The crystal growth occurs in an oxygen atmosphere at a pressure of 
about 3-10 atmospheres. 

From the disclosure, drawings, and claims, other embodiments of the invention 
will be apparent to those skilled in the art. 


10 


